In our proof-of-principle study we examine the influence of skyrmions on magnetoresistive transport. In particular, we show that magnetic tunnel junctions are a technologically appealing and promising way for electrical detection of non-collinear magnetic structures. Our results suggest that the detection efficiency strongly depends on the utilized materials. The calculated effect is shown to originate from scattering between different k-states and cannot be identified through densities of states alone. 1 arXiv:1901.10313v1 [cond-mat.mtrl-sci] 29 Jan 2019 ACKNOWLEDGEMENT Calculations for this research were conducted on the Lichtenberg high performance computer of the TU Darmstadt. We also acknowledge computational resources provided by the HPC Core Facility and the HRZ of the Justus-Liebig-University Giessen. We would like to
INTRODUCTION
Magnetic skyrmions are swirl-like magnetic structures which are stabilized by a complex interplay of various competing magnetic interactions, such as the Dzyaloshinskii-Moriya interaction (DMI) [1] [2] [3] [4] [5] [6] . While they can arise in noncentrosymmetric bulk materials such as MnSi [2, 7] , thin magnetic films were found to be practical hosts for skyrmions, which allows more flexibility in their design [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Since skyrmions have been discovered, concepts for novel electrical devices were discussed. The possibility to move, create, and delete skyrmions combined with their topological stability lead to concepts such as skyrmion based racetrack memory and even logical devices [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . One essential ingredient for the realization of these approaches is the ability to detect skyrmions with minimal effort and minimal disturbance of the skyrmion.
For applications an effective and preferably electrical detection of skyrmions is required.
In experiments scanning tunneling microscopy (STM) may be used to detect non-collinear structures such as skyrmions. With this technique, non-collinear transport effects have been demonstrated and were called either non-collinear magnetoresistance (NCMR) or tunnelling spin-mixing magnetoresistance (TXMR) [33] [34] [35] [36] . A major drawback of this method is that STM based devices are impractical for large-scale production and application. Magnetic tunnel junctions (MTJ), on the other hand, can be fabricated by lithography techniques and are thus much better suited for technological devices.
An important effect to measure relative magnetization directions in MTJs is tunnel magnetoresistance (TMR) [37] . In typical MTJs, two ferromagnetic layers are separated by a thin insulating layer. The tunneling probability through the junction then depends on the relative angle between the magnetization directions. While detecting skyrmions using the TMR effect seems straightforward, the necessary magnetic reference layer must be expected to disturb the skyrmion. The related tunneling anisotropic magnetoresistance (TAMR) effect [38] [39] [40] , however, does not require a magnetic reference layer. This effect only depends on the magnetization direction of one ferromagnetic layer and is caused by spin-orbit coupling (SOC), and is typically rather small compared to TMR [39] . It is our aim to exploit the non-collinear magnetic texture using MTJs for detection. Compared to typical TAMR or NCMR ratios, we predict much larger effects for an MgO based MTJ using vanadium and copper as non-magnetic leads. We call the resulting effect non-collinear tunneling anisotropic magnetoresistance (NC-TAMR).
THE SYSTEM
Our study is a trade-off between a realistic description and a proof-of-principle study. Therefore, we are using an atomic monolayer of iron in which the skyrmion is located. This iron layer is the sole magnetic layer and is sandwiched between a non-magnetic lead (NM1) and the isolating MgO barrier (see FIG. 1 ). The latter consists of 3 monolayers and is covered by the second non-magnetic lead (NM2). To examine the influence of the lead material, we compare three systems which differ purely in the materials choice for the non-magnetic leads, using either copper or vanadium. As in previous works [41] , the non-magnetic leads are modeled by a bcc structure with a lattice constant of 2.866Å while out-of-plane lattice relaxation is taken into account for the layers directly adjacent to the MgO.
MAGNETIC STRUCTURE
The size of skyrmions in an iron based system strongly depends on the adjacent layers.
Skyrmions can be as large as 2 µm [42] but also shrink to a diameter of ∼8 atoms (2 nm). This can be achieved, for example, by putting a Pd/Fe bilayer on an Ir(111) substrate [35] . Thus, in general the skyrmion size can be tuned by the choice of the NM1 layer material. In our study we will show that the NM1 layer is crucial for the detection efficiency as well. Since in this proof-of-principle study we focus on electrical detection, we choose established materials for the NM1 layer. When we perform atomistic spin dynamics simulations using parameters obtained from ab initio calculations (DMI and Heisenberg exchange are calculated using the methods [43] and [44] , respectively) for the Cu/Fe/MgO/Cu system, we get skyrmions with a diameter of approximately 50 atoms, as can be seen on the left side of figure 2. Such sizes can at the moment not be handled by ab-initio methods. Therefore, we consider the artificial skyrmion structure shown on the right side of figure 2, which fits into a 5×5 supercell.
RESULTS

Energy dependent conductance
The conductance of the junction is linked to the transmission T via the Landauer formula g = g 0 T , where g 0 is the conductance quantum. In the following, we analyze the energy dependent conductance. This is useful for several reasons: First, the position of the Fermi level can be tuned in experiments by alloying. Second, by applying bias voltages, states across different energies may contribute to transport. Lastly, obtaining energy-dependent transmission curves may help understand how robust the effect of a skyrmion on transport can be.
In the first row of figure 3 , the calculated energy dependent conductance curves are plotted for three material combinations, each with either a skyrmion or a purely ferromagnetic structure (FM) present. The resulting NC-TAMR ratio is the difference between the transmission curves divided by the smaller of the two values. This ratio is plotted in the This behaviour must be seen in contrast to the result of [33] where the resulting TXMR effect varies sizably over the considered energy range, reaching a maximum value of about 20% at a peak 0.4 eV away from the Fermi energy. Although we assume a skyrmion of similar size, the NC-TAMR ratio exceeds 20% for almost all energies, reaching over 125% at its peak.
Transmittance maps
The large difference between the considered systems reveals that the choice of lead materials can make a huge difference in the resulting effect. In order to get deeper insight into the mechanism behind this observation, we decomposed the transmission into its specular (k conserving) and diffusive (k non-conserving) components. This reveals the k -resolved transmission unfolded into the BZ of the primitive unit cell. To keep the discussion simple, we will interpret the electrons as scattering "in" from the bottom electrode, transmitting first through the iron layer, next through the tunnel barrier, and then scattering "out" the MgO barrier into the copper lead. In the Cu/Fe/MgO/V system the total effect is relatively suppressed at the Fermi energy, which is why the decomposition into specular and diffusive components is carried out at the conductance peak 0.25eV below the Fermi energy.
The situation is similar to V/Fe/MgO/Cu, except that now electrons are scattered from extended areas of the BZ in copper to the X-points in vanadium, where the bcc copper lead doesn't provide any states for transport. 
Influence of SOC
In previous works on non-collinear transport effects, the role of spin-orbit coupling (SOC) has been investigated [33, 34] . Even though there are no heavy elements present in our systems, the interface between the MgO barrier and iron typically provides significant SOC [40] . In order to quantify the contribution of SOC, we used spin-orbit scaling as implemented by Ebert et al. [45] to calculate the change of the NC-TAMR ratio for V/Fe/MgO/Cu when SOC is scaled to zero. As can be seen in figure 5 , this difference as well as the pure TAMR ratio remain close to zero over wide energy ranges. At the same time it can be seen that for some energies such as the Fermi energy NC-TAMR does depend significantly on SOC, mostly at energies where TAMR is significant as well. Consequently, SOC influences the NC-TAMR but it is not necessary to obtain a high NC-TAMR effect. CONCLUSION We found that the nature of the non-collinear contribution can vary strongly from system to system, and that the choice of lead materials impacts the effect size. For V/Fe/MgO/Cu we predict a large NC-TAMR ratio exceeding 120% at its peak. This conductance increasing effect is driven by the opening of identifiable transmission channels due to scattering at the skyrmion, which goes beyond the non-collinear effects reported by [33, 35, 36] . For the large effect in V/Fe/MgO/Cu, SOC was identified to be only slightly detrimental and not necessary. This does of course not diminish the importance of SOC for the appearance of skyrmions via DMI.
Even though this is a proof-of-principle study working with small skyrmions, the large NC-TAMR ratios calculated for V/Fe/MgO/Cu motivates further research. With heavier metals for which such small skyrmions are stable, similarly high effects might be achievable.
METHOD
All calculations are performed with our Korringa-Kohn-Rostoker (KKR) code using a local-density approximation (LDA) exchange correlation functional [46] . The KKR code has a non-collinear fully relativistic solver with no need for perturbation theory. While selfconsistent calculations utilize supercells, transport calculations are performed using semiinfinite leads, representing a realistic transport geometry. The transport properties of the system, i.e. the transmission functions, are calculated using the Keldysh formalism, with the non-equilibrium Green's function (NEGF) as its main object [47, 48] .
After a number of convergence tests we decided to use an angular momentum cut-off of l max = 3 for the self-consistent calculation of the collinear magnetic structure. With these self-consistent potentials, we construct the 5 × 5 in-plane supercell for the non-collinear magnetic structure. Subsequent self-consistent cycles on the non-collinear structures lead only to a minor change of their properties and can thus be omitted. Furthermore, l max = 2 was sufficient for all transport calculations. For the collinear cell we use a 540 × 540 in-plane k-point mesh, while due to the smoothening of the transmission function by the non-collinear structure, a 18 × 18 k-mesh in the supercell could be used.
For analysis of the transport states we unfold the k decomposition from the Brillouin zone (BZ) of the supercell to the BZ of the primitive unit cell. This takes place similarly as described in [49] and provides an expression for the transmission components T (k , k ) non-diagonal in k. The specular contribution is calculated as T spec (k ) = T (k , k ). The diffusive contribution has two maps, T diff,in (k ) and T diff,out (k ), describing the distribution of tunneling electrons resolved by k within the bottom and top electrode, respectively. 
